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Abstract 
 
Paleoecological research in the greater Everglades ecosystem is underway to 
reconstruct past water levels and variability throughout the system, providing a basis for 
sustainable restoration. Testate amoebae, a group of unicellular organisms that form 
decay-resistant tests, have been successfully used in northern-latitude bogs to reconstruct 
past wetland hydrology; however, their application in other peatland types, particularly at 
lower latitudes, has not been well studied. I assessed the potential use of testate amoebae 
as proxies for hydrology in the Everglades by analyzing modern surface samples across a 
water table gradient that included five vegetation types (tree island, shrub, sawgrass, 
marsh, slough). Community composition was quantified and compared to environmental 
conditions (water table, pH, vegetation, water chemistry) using ordination and gradient-
analysis approaches. Results revealed testate amoeba community composition was 
significantly related to water-table depth. Bootstrapped cross-validation of a transfer 
function for water table depth, based on a maximum likelihood model, indicated the 
potential for testate amoebae in studies of Everglades paleohydrology (RMSEP = 6.27 cm, 
r2=0.74). Although down core preservation and the impact of seasonal hydrological 
fluctuations on testate amoeba communities need further research, my results suggest that 
testate amoebae could be a valuable tool in paleohydrological and biomonitoring studies of 
the Everglades.  
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Introduction 
 
The largest ecosystem restoration effort ever attempted, the Comprehensive 
Everglades Restoration Plan (CERP), is currently underway in the Florida Everglades 
(Mather 2010).  One of the fundamental objectives of this project is to reestablish pre-
drainage (pre-AD 1880) hydrology (NRC 2010). Forming the basis of the restoration 
process, CERP proposes to address underlying assumptions of climatic variability and pre-
drainage water levels (Willard and Bernhardt 2011). Much of our knowledge of pre-drainage 
hydrology has been anecdotal, and although modeling efforts have been aimed at 
characterizing pre-drainage hydrology, these could be substantially improved with empirical 
data. Paleohydrological approaches could potentially provide an empirical framework for 
understanding pre-drainage hydrology in the Everglades and could be used to provide a 
basis for sustainable restoration targets that incorporate ecosystem response to climate 
fluctuations (Bernhardt and Willard 2009). Critical to these goals is the development of 
paleohydrological records with sufficient sensitivity and resolution to document the natural 
range of water-level fluctuations and quantify anthropogenic impacts.    
Hydrological restoration components of CERP are largely based on mathematical 
modeling using instrument records and historic documents. The South Florida Water 
Management Natural Systems Model version 4.5, suggests pre-disturbance average 
surface water depths of 0.15 to 0.3 m with annual fluctuations of 0.6 to 0.8 m in most of 
the Everglades (Sklar et al. 2005). Hindcasting 1940s soils maps to 1880s conditions 
suggested water depths were approximately 0.3 m below the surface of average sawgrass 
(Cladium jamaicense) ridges for the annual low, and 0.3 m above for the annual high 
providing a good comparison to model data (McVoy et al. 2002). Unfortunately, most other 
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long-term physical and biological data are limited to 30 to <50 years (Marshall III et al. 
2009, Willard and Bernhardt 2011).  
Paleoecological perspectives have provided insight into the millennial-scale 
development of the system. For example, radiocarbon dating and pollen-based studies 
have indicated that peat in the Everglades accumulated over the last ~5-6 ka (calibrated 
kiloannum), and suggest that climate variability is the primary driver of ecosystem 
development and formation of the ridge, slough, and tree island landscape (Gleason and 
Stone 1994, Bernhardt and Willard 2009, Bernhardt 2011, Willard and Bernhardt 2011). 
However, little information exists on water-table depth variability at decadal-to-centennial 
timescales, and these timescales are particularly relevant to the restoration effort. In part, 
this is because potential paleohydrological proxies have not been thoroughly investigated.        
Testate amoebae, a polyphyletic group of protozoa that form decay-resistant tests, 
are established proxies for water table depth in Sphagnum-dominated peatlands (Booth 
2008), where they have been used to assess restoration success, characterize pre-
disturbance hydrology, and provide high-resolution records of paleohydrological change 
(Buttler et al. 1996, Charman et al. 1999, Mitchell et al. 2008). Calibration datasets have 
been developed from Sphagnum peatlands in many regions, resulting in transfer functions 
that allow the inference of past water-table depth from community composition, often with 
mean errors between 5 and 10 cm (Charman and Blundell 2007, Booth 2008, Swindles 
and Charman 2009, Payne et al. 2011). However, application of testate amoebae in 
paleoenvironmental studies of non-Sphagnum peatland types, particularly at lower 
latitudes, has not been as well explored (Payne 2011). In more minerotrophic wetland 
systems, which generally have higher pH and different aqueous chemistry from bogs, other 
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factors besides water-table depth may influence testate amoeba community composition 
(Mitchell et al. 2008). 
Testate amoebae have not been investigated in the Florida Everglades, other than 
studies noting their presence and general abundance (Chmura et al. 2006), and so even 
baseline data on community structure is unavailable. Compared to northern latitude 
Sphagnum-dominated peatlands, the Everglades have large seasonal water level 
fluctuations, a generally higher circumneutral pH, and warmer sub-tropical climate. Despite 
differences, the heterogeneous landscape of the Everglades provides testate amoebae with 
a gradient of wetter to drier habitats. The unusual hydrological setting and water chemistry 
of the Everglades provides an opportunity to assess testate amoeba ecology in a system 
unlike others that have been previously studied. 
Covering approximately 6,000 km2 in southern Florida (Bernhardt and Willard 2009), 
the Everglades is an International Biosphere Reserve and a Wetland of International 
Importance and as of July 2010 re-listed as an UNESCO World Heritage Site in Danger. 
Everglades peat deposition occurs in an oligotrophic, phosphorus-limited environment 
(Craft et al. 1995) dominated by sawgrass (Cladium jamaicense) ridges interspersed with 
tree islands, spikerush (Eleocharis sp.) marshes, and deeper water sloughs. The vegetation 
of tree islands, ridges, and sloughs have been distinct since inception and droughts may be 
an important driver maintaining these landscape components (Bernhardt and Willard 2009). 
Hydrologic alterations began in 1881 with drainage for agriculture, followed by the 
development of an enormous system of levees, canals, water conservation areas, and 
large-scale pumps (Davis and Ogden 1994). Subsequent impacts included reduced water 
flow through the system, higher water levels in the Water Conservation Areas (WCAs) 
where flow is impounded, and drier conditions in the National Park. 
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In this study, I investigated the modern ecology of testate amoebae in the 
Everglades to determine environmental controls (e.g.,water-table depth, pH, water 
chemistry, and vegetation type) on distribution patterns. I assessed the potential use of 
testate amoebae as paleohydrological proxies by developing and validating a transfer 
function for paleoenvironmental application. I also compared Everglades testate amoeba 
communities to those encountered in more northern peatlands, and use these 
comparisons to highlight both similarities and differences in community structure between 
different peatland types and geographic regions. I use these results to discuss the potential 
of testate amoebae as tools to help inform the ongoing and future restoration efforts. 
Methods  
 
Field and Laboratory Methods  
 
Samples were collected from the southern Everglades, within the Everglades 
National Park, between 18 and 20 January 2011. Additional samples were collected from 
13 - 14 April 2011 within Water Conservation Area 3A (WCA-3A) (Figure 1). In both areas 
samples were collected near locations where the United States Geological Survey (USGS) 
monitors water-level variability and an effort was made to capture a range of topographic 
locations and vegetation types. At each sampling point the top 2 to 3 cm of loose substrate 
was collected by hand using clean nitrile gloves. Testate amoeba assemblages contained 
within these samples likely capture both living testate amoebae and multiple years of dead 
tests, and therefore represent a temporally integrated perspective on the community 
structure at the sampling location. Where the water table was below the peat surface, an 
auger hole was cored at the sample point until the water table was visible. The depth to the 
water table was measured after the water elevation stabilized (approximately 10 minutes).   
  
Figure 1. Sampling sites, select Everglades Depth Estimation Network gauges, and the 
analyzed core location in southern Florida water conservation areas and Everglades 
National Park plotted over surface elevation raster.  
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Areas with standing water were recorded as negative values. A water sample was 
collected, returned to the laboratory at Lehigh University, and stored in refrigeration until 
analysis of water chemistry.  Water samples collected in April 2011 were filtered the same 
day using a 0.45 μm polypropylene filter. January 2011 samples were filtered approximately 
1 year after collection. Using a calibrated multi-meter, pH and conductivity were measured 
in-situ at each sampling location.  
Given that some previous studies in minerotrophic peatlands have noted poor 
preservation of testate amoebae at depth in the peat, as well as differential preservation of 
some taxa (Booth et al. 2008, Payne 2011), testate amoebae within two short peat cores 
were qualitatively examined to assess downcore preservation.  These cores were collected 
by the USGS in 2004, one from a sawgrass ridge and one from the tail of a large tree 
island, within the National Park using a 4” diameter piston core.  Subsamples for qualitative 
examination were collected at multiple depths from 0 to 50 cm in the sawgrass core and at 
each centimeter from 0 to 20 cm in the tree island core).  
One-cm3 subsamples from surface and core samples were processed in the 
laboratory to extract testate amoebae in a procedure modified from Booth et al. (2010). 
Subsamples were boiled in distilled water for approximately 10 minutes then sieved through 
a 355 μm screen. Sieved material was stored in distilled water in refrigeration. Slides were 
prepared by mixing a drop of glycerin with two drops of processed sample, and were 
examined at 400x magnification. Given the large amount of extraneous material on the 
resulting slides, identifying and counting large numbers of tests was difficult. Although 
typically 100-200 tests are counted in ecological studies of testate amoebae, only 50 tests 
were counted in each sample for this study due to low test density. However, although 
some rare taxa are probably missed in these analyses, Payne and Mitchell (2009) 
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demonstrated that counts of 50 tests are likely adequate for statistical analysis and transfer 
function development. Samples with exceptionally low testate amoeba density (i.e., counts 
of <50) were not included in the analyses.  
Water samples were analyzed for chlorine (Cl-), nitrite (NO2-), bromide (Br-), nitrate 
(NO3-), phosphate (PO42-), and sulfate (SO42-) using ion chromatography (Dionex), calibrated 
with 5 standards from 50 ppm to 0.5 ppm (High-Purity) using standard procedures. 
Measured concentrations below 0.5 ppm were considered below detectable limit and were 
recorded as zero. Two problematic samples were removed from the dataset. One sample 
was lost due to bottle leakage, and the other had exceptionally high concentrations of all 
constituents.  Comparison between the two sampling events to check for any sampling 
biases, effect of delayed filtering, or regional changes, was made by comparing constituent 
concentration averages.   
 
Taxonomy 
 
Taxonomy generally followed Charman et al. (2000), as modified by Booth (2008), 
although since these approaches were developed primarily for northern peatlands several 
other sources were needed and are summarized in Table 1. However, Centropyxis taxa 
were particularly abundant in the Everglades samples, and my taxonomic approach with 
this group warrants additional discussion here. In particular, most samples in this study 
contained abundant individuals of Centropyxis aculeata type, a morphological grouping that 
likely represents many different species (Charman 2000). Because of the abundance and 
morphological diversity of this taxonomic group in the Everglades, I split the group into six 
morphotypes to assess whether increased taxonomic resolution would provide more 
ecological information (Figure 2). Although morphologies similar to the six morphotypes  
  
Figure 2. Select testate amoebae of the Florida Everglades (bar indicates approximately 20 
µm). Tests previously lumped together as Centropyxis aculeata type were further refined 
into: 1a. C. delicatula type apical view, 1b. partially rotated showing pillars connecting 
aperture to test, 1c. lateral view; 2a. and 2b. C. gibba type lateral view showing a 
prominent lip and invaginated aperature, 2c. apical view; 3a. and 3b. C. discoides type 
apical view with lobed aperature and round flattened test; 4. and 5. C. aculeata type that 
may be hybrids between the more common species noted above; 6. Netzelia oviformis 
lateral view with clover-shaped aperture obscured; 7a. 7b. 7c. three lateral views of 
Cryptodifflugia sacculus type; 8. lateral view of Centropyxis Type A; 9a. and 9b. 
Cryptodifflugia crenulata type lateral view; 10. Unknown poorly characterized type not 
included in analysis; 11. Tracheuglypha dentata lateral view; 12a. lateral view of 
Pseudonebela africana with 12b. characteristic cross-shaped aperture. 
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Table 1. Florida Everglades taxa encountered in this study organized by NMS ID (from 
Figure 3) along the gradient from wet to dry. Taxa without a Ref. ID are either rare or 
unknown and were not included in analyses.    
 
Species Reference Plate ID (Fig. 2) Ref. ID (Figs. 3 & 5) 
Lesquereusia modesta type Charman 2000  1 
Pseudonebela africana Gauthier-Lievre 1953 12a. 12b 2 
Netzelia oviformis type Cash 1909 6 3 
Centropyxis gibba type Deflandre 1929 2a, 2b, 2c 4 
Cryptodifflugia crenulata type Playfair 1917 9a, 9b 5 
Cryptodifflugia sacculus type Charman 2000 7a, 7b, 7c 6 
Arcella gibbosa type Charman 2000  7 
Centropyxis aculeata type Charman 2000 4, 5 8 
Centropyxis aculeata 'giganticus' This study  9 
Centropyxis type A Charman 2000 8 10 
Difflugia acuminata type Charman 2000  11 
Lamtoquadrula deflandrei type Bonnet 1974  12 
Arcella discoides type Charman 2000  13 
Difflugia pristis type Charman 2000  14 
Tracheuglypha dentata type Deflandre 1929 11 15 
Euglypha rotunda type Charman 2000  16 
Euglypha strigosa type Charman 2000  17 
Difflugia rubescens type Charman 2000  18 
Arcella vulgaris type Charman 2000  19 
Trinema lineare type Charman 2000  20 
Corythion dubium type Charman 2000  21 
Centropyxis delicatula type Penard 1902 1a, 1b, 1c 22 
Euglypha tuberculata type Charman 2000  23 
Pseudodifflugia fulva type Charman 2000  24 
Cyclopyxis kahli type Deflandre 1929  25 
Cyclopyxis arcelloides type Booth 2008  26 
Difflugia lucida type Charman 2000  27 
Difflugia globulosa type Booth 2008  28 
Centropyxis discoides type Penard 1902 3a, 3b 29 
Centropyxis cassis type Charman 2000  30 
Paraquadrulla spp. type Deflandre 1953  31 
Centropyxis platystoma type Charman 2000  32 
Arcella dentata type Ehrenberg 1830  33 
Centropyxis aculeata unknown    
Difflugia unknown  10  
Euglypha unknown    
Centropyxis aculeata unknown    
Habrotrocha angusticollis type Pennak 1978   
Hyalosphenia elegans type Charman 2000   
Hyalosphenia subflava type Charman 2000   
Nebela griseola type Charman 2000   
Trigonopyxis arcula type Charman 2000   
 
 
 11 
defined in this study have been previously described (Table 1) their relationship with 
environmental conditions has not been quantitatively examined.  
Centropyxis delicatula type, C. gibba type, and C. discoides type were separated 
from broadly defined C. aculeata type based on a combination of size, shape, and aperture 
structure.  C. aculeata type was used as a category for all individuals that could not be 
assigned to other, more morphologically discrete groupings. C. delicatula type (Penard 
1902, Figure 2: 1a-1c) was generally small (30-50 μm), easily rotatable under the coverslip 
of a microscope slide, and had a smooth, round aperture (not lobed) with one or more 
pillars that connected the aperture to the internal backside of the test (Figure 2). C. gibba 
type (previously described by Deflandre 1929 as spiny variety of C. cassis or C. 
platystoma., Figure 2: 2a-2c) was generally cap-shaped in lateral view with an invaginated 
aperture and prominent lip. C. discoides type (Penard 1902, Figure 2: 3a-3b) was observed 
to be large (100 - 140 μm) and highly flattened, with a central to slightly offset lobed 
aperture with individual lobes generally taking 10 to 25% of the aperture circumference. 
Cap-shaped tests with one large lobe along more than 40% of the aperture circumference 
(Figure 2: 5) may be an intermediate in form between C. gibba type and C. discoides type, 
and were included within the broadly defined C. aculeata type. Test fragments and 
obscured C. aculeata were tallied as C. undifferentiated and not included in analyses. C. 
aculeata ‘giganticus‘ type, defined as any morphology greater than 200 μm in diameter, 
was also categorized separately.    
 
Analytical Methods - Standardization of Water Table Depth Measurements 
 
An important characteristic of wetlands like the Everglades is the annual pattern of 
water-table depth changes, commonly referred to as the hydroperiod. Samples were 
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collected at two different times of year in this study, which posed a challenge for relating 
water-table depth measurements collected at different points in the annual hydroperiod. 
Therefore, several methods were explored to standardize the water-table depth 
measurements, using information from gauging stations that are located within the 
Everglades wetland complex. 
Six surface-water elevation gauging stations across the sampled area (shown on 
Figure 2) indicate water levels dropped an average of 28 cm  (+/- 5 cm SD) between the 20 
January 2011 sampling and 14 April 2011 sampling dates. Compared to the mean annual 
water elevation averaged over a three-year period at all stations, water levels during the 
January and April samplings were lower by 6.5 cm and 34.8 cm, respectively. Referencing 
one time water-table depth measurements to the annual average for each area should help 
make measurements more comparable between sampling dates and locations. However, 
the relationship is complicated, particularly because the magnitude of water-table 
fluctuation below tree islands is not well known.  
Therefore, four different methods were used to develop comparable estimates of 
water-table depth for the two sampling areas. The first estimation method (WTD1) uses 
raw, uncorrected water-table depth measurements made in the field. There is no correction 
for the different water levels recorded by gauging stations between the January and April 
2011 samplings. The second estimation method (WTD2) standardizes field measurements 
to the three-year average water-table depth indicated by gauging stations. Using Equation 
1, estimated WTD2 (y) is equal to measured water-table depth (x) plus the difference 
between average gauge height at the time of sampling and the three-year average (b).  
Equation 1:  y = x + b 
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For this study both January and April samplings were done during conditions drier than the 
long-term average where b = -6.5 cm and -34.8 cm respectively. This standardization 
method is consistent with the hydrology of constructed experimental tree islands 
(Loxahatchee Impoundment Landscape Assessment Facility) that showed annual 
fluctuations of belowground water nearly equivalent to the surrounding standing water 
(Sullivan et al. 2011).  
However, using WTD2 to standardize the measured water-table depths in this 
study is problematic, because it implies the surface of the driest tree island would be 
submerged under 9.4 cm of water on average (adding a water-table depth correction of 
34.8 cm to the measured -25.4 cm). It is well known that tree islands are not regularly 
submerged (Davis and Ogden 1994). Therefore a third estimation method (WTD3) was 
developed under the assumption that tree island water-table depths fluctuate less than 
surface waters (i.e. a measured change in belowground water elevation represents a larger 
change in standing water) and the driest samples are at an equilibrium elevation that is 
relatively stable due to the capillary action of wetland peats (Willard and Bernhardt 2011). 
Equation 2 was developed to correct water-table depth measured below ground to 
expected annual water-table depth using a natural log relationship derived from EDEN 
gauge NP201 during the 2008 dry season where the gauge appears to reach equilibrium 
belowground water depth while surrounding gauges continued to decline.  
Equation 2:  y = 9.5279ln(x) - 34.8 
 
Finally, a minimalist approach was taken to correct the data with the least amount 
of manipulation. For this fourth estimation method (WTD4) January water-table 
measurements were standardarized to the April samples using Equation 1, when the 
measured standing water depth was deeper than 30 cm (b = 28 cm) indicating samples 
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that would still be open water in April. For January samples that switch (or nearly) from 
standing water to belowground water by the time of the April sampling, Equation 3 was 
used to reduce peat drainage rate ~70%, based loosely on the low hydraulic conductivity 
(K) of peat (Sullivan et al. 2011).  
Equation 3:  y = 0.316 x + 8.23 
 
 
Analytical Methods - Statistical Analyses 
 
Community and environmental relationships were explored using non-metric multi-
dimensional scaling (NMS) and the software package PC-ORD (McCune and Mefford 
2002). Species abundances were square-root transformed prior to ordination analysis, a 
common transformation applied to ecological community datasets to reduce the influence 
of dominant species. NMS does not make assumptions about species distributions along 
compositional gradients, or relationships between environmental and species datasets, and 
therefore viewed as highly appropriate for ecological data  (Bradfield and Kenkel 1987; 
McCune and Grace 2002). Sorenson’s distance measure was used in the analysis along 
with the auto-pilot feature of PC-ORD with 250 runs with real and randomized data for six 
dimensions. The auto-pilot feature identified the dimensionality of the final solution by 
comparing final stress values (a measure of well the dissimilarity matrix is represented by a 
solution) for all dimensions. The position of species within the ordination space was 
determined using simple weighted averages, where the weighting was the abundance of 
the particular species in each sample. The strength of correlations between the sample 
positions along the first two NMS axes and environmental measurements were used to 
assess the relative strength of environmental controls on community composition.     
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After identifying the environmental variables most correlated with testate amoeba 
community composition, transfer functions were developed using the software package C2 
(Juggins 2003). Commonly used models were explored, including weighted averaging 
(WA), weighted averaging partial least squares (WA-pls) and maximum likelihood (ML) (ter 
Braak and Prentice 1988, Birks 1995, 1998, Payne et al. 2006). Weighted average models 
assume a unimodal response of species abundance along an environmental gradient, and 
the position of the optimum abundance is determined for each species. These optima are 
then used to estimate the environmental variable of a particular sample, by calculating a 
weighted average of the optima of all species in the sample, after weighting each species 
according to its abundance in the sample. Weighted averaging partial least squares (WA-
pls) models are similar, but may better represent ecological data by accounting for residual 
correlations. Maximum likelihood models fit a parabolic response curve to species 
abundance data along an environmental gradient. Model performance was assessed using 
bootstrap techniques (1000 cycles), to estimate root mean square error of prediction 
(RMSEP) and coefficient of determination (r2).  
Results 
 
Thirty-eight taxa were encountered at 88 sampling locations across the Florida 
Everglades (Figure 1). Five rare taxa (occurring in fewer than 4 samples, Table 1) were 
excluded from quantitative analysis. Ten samples from the January 2011 sampling had 
exceptionally low testate-amoeba density were not included in analyses. The majority of 
these low-density samples were from spikerush (Eleocharis sp.) dominated marsh located 
in the northeastern portion of the National Park.   
 16 
A three-dimensional NMS ordination (final stress = 17.2) represented 79% of the 
variability in the testate amoeba community data, with axis 1 and axis 2 representing 54% 
and 15% respectively (Figure 3). The distribution of habitat types generally follow axis 1, 
with samples from drier tree island habitats positioned on the right and wetter sloughs 
positioned on the left; however samples from sawgrass habitat were positioned across 
most of the gradient. Samples from the WCA and National Park were generally separated 
along axis 1.  Correlations with axes 1 and 2 reveal that testate amoeba community 
variability along axis 1 was related to water-table depth, regardless of whether raw or 
standardized values were used, whereas variability along axis 2 was weakly correlated with 
pH.  
The ordination was rotated in an iterative fashion to maximize the correlation 
between each environmental and axis 1. In this way, a maximum correlation value could be 
calculated between each environmental variable and the gradient of compositional change 
that it was most related.  Of the raw and adjusted water-table depths, WTD1 (r2=0.71), 
WTD3 (r2=0.75), and WTD4 (r2=0.74) were all significantly correlated with variability in 
testate amoeba community structure (Table 2). Other variables, WTD2 (r2=0.58) and pH 
(r2=0.44) showed a weaker relationship with the community dataset. Water chemistry 
measurements were not significantly correlated with testate amoeba communities (Table 2).  
When examined separately, correlations between the water chemistry data from the two 
sampling times also showed no significant relationships.  Average water chemistry between 
sampled areas was similar with differences less than the standard deviation of all sampled 
areas (Table 4).  
WTD4 was chosen to test whether a transfer function could be developed from the 
dataset, because it used the simplest assumptions to standardize measurements made at  
  
Figure 3. Nonmetric multidimentional scaling ordination of testate amoeba species 
(numbers correspond to species as specified in Table 1) and environmental variable vectors 
with the percent variance explained by each axis and the variable correlation coefficients. 
The length of environmental vectors correlates to the strength of the relationship.  
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Table 2. Environmental variables rotated to correspond to NMS Axis 1 with r2 values (** 
indicates p<0.001). 
 
Environmental Variable r2 
WTD1 0.708** 
WTD2 0.584** 
WTD3 0.752** 
WTD4 0.738** 
pH 0.440** 
Cl 0.085 
NO3 0.045 
PO4 0.061 
SO4 0.009 
 
 
 
Table 3. Bootstrapped transfer function model results for WTD4. 
 
Model Name r2 RMSEP Max Bias 
Maximum likelihood 0.743 6.27 10.04 
Weighted average partial least squares 0.676 6.49 10.87 
Weighted averaging (inverse deshrinking) 0.674 6.27 10.90 
 
 
 
Table 4. Water Chemistry Ion chromatography result averages for each sampling area, the 
areas combined, and the standard deviation of values for all sites. Bromine concentrations 
were below detectable limits and excluded from analyses.  
 
Sampling Location Cl (ppm) NO3 (ppm) PO4 (ppm) SO4 (ppm) pH 
National Park 68.0 1.1 1.9 7.0 7.6 
WCA 3A 70.6 1.2 0.6 5.4 6.6 
All Sites 69.4 1.2 1.2 6.0 7.0 
All Sites SD 16.77 2.71 2.28 18.49 0.56 
 
 
 
Table 5. Bootstrapped maximum likelihood model transfer function additional data 
correlation statistics for vegetation types and sample locations.  
 
Vegetation Type or Sample Location r2 RMSEP 
Tree Island 0.23 2.84 
Shrub 0.23 3.22 
Sawgrass Ridge 0.50 5.28 
Marsh and Slough 0.49 5.88 
WCA 3A 0.74 5.12 
National Park 0.48 6.94 
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the two sampling time periods. A bootstrapped cross-validation (n=1000) of the transfer 
function for water table depth, based on a maximum likelihood model, indicated that the 
composition of testate amoeba communities can be used to infer water-table depth 
(RMSEP = 6.27 cm, r2 = 0.74) (Figure 4). The performance of the transfer function is similar 
to those from northern-latitude bogs. Other simpler models (weighted average and 
weighted average partial least squares) were also tested, both of which produced similar 
results (Table 2).  
Qualitative examination of samples from the two peat cores suggests that 
preservation and abundance of tests varies considerably at the two sites.  In the tree island 
core, testate amoeba density was exceptionally high in the upper 10 centimeters. Species 
composition in these upper samples was dominated by Cyclopyxis arcelloides type with 
increasing Cyclopyxis kahli type with depth down to 10 cm. However, samples between 15 
cm and 20 cm depth contained very low density of tests, suggesting poor preservation.  
However, samples from the sawgrass core showed a higher density of tests in most 
samples except the deepest samples just above bedrock. 
A comparison of the communities found in this study to peatlands in other regions 
of North America was assessed by performing an NMS ordination on a combined dataset 
that included the Everglades samples along with 970 samples from Northeastern United 
States, Rocky Mountains, Great Lakes region, Alaska, and North Carolina pocosins (Figure 
5, Booth and Zygmunt 2005, Booth 2008, Booth et al. 2008).  Some taxonomic 
harmonization (e.g., lumping of Centropyxis morphogroups) was applied to account for 
differences in taxonomic precision in the various studies. The resulting 3-dimensional NMS 
ordination (stress = 20.7) represented ~50% of the variability in the testate amoeba 
community data, with axis 1 and axis 2 representing 26% and 23% respectively (Figure 5).  
  
Figure 4. Estimated and predicted water table depth values based on the bootstrapped 
estimates from the maximum likelihood model based transfer function. A 1:1 line is shown 
to indicate the ideal relationship. Linear regressions for each habitat type (light grey lines) 
are labeled as follows: 1 - tree islands (r2 = 0.23); 2 - shrubs (r2 = 0.23); 3 - sawgrass (r2 = 
0.50); 4 - marsh/slough (r2 = 0.49). Additional vegetation and sample location correlations 
and RMSEP are provided in Table 5.  
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Figure 5. NMS ordination of testate amoeba communities from this study with the North 
American training sets from regions noted. Well represented testate amoebae species 
present in at least 20 samples from this study are labeled numerically as provided on Table 
1. Species labeled a-z and A-O are described here: a - Nebela tubulosa, b - Quadruella 
symmetrica, c - Sphenoderia type, d - Corythion dubium type, e - Cryptodifflugia oviformis, 
f - Difflugia oblonga, g - Nebela wailesi, h - Nebela vitraea, j - Heleopera rosea, k - Difflugia 
lucida, l - Phryganella acropodia, m - Amphitrema wrightianum, n - Difflugia pulex, o - 
Nebela carinata, p - Difflugia acuminata, q - Difflugia globulosa, r - Placocista spinosa, s - 
Amphitrema flavum, t - Hyalosphenia papilo, u - Nebela collaris, v - Pseudodifflugia fulva, w 
- Nebela galeata, x - Heleopera sphagni, y - Difflugia leidyi, z - Euglypha tuberculata type, A 
- Arcella artocrea, B - Nebela tincta, C - Habrotrocha angusticollis, D - Assulina muscorum, 
E - Nebela griseola type, F - Hyalosphenia subflava, G - Hyalosphenia elegans, H - 
Bullinularia indica, I - Assulina seminulum, J - Nebela militaris, K - Hyalosphenia minuta, L - 
Trigonopyxis minuta, M - Centropyxis ecornis, N - Trigonopyxis arcula, O - Heloopera 
sylvatica. 
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Patterns reveal that the Everglades samples are relatively different from those of more 
northern peatlands, with only a small amount of overlap with a few samples collected from 
the margin of a North Carolina pocosin that contained abundant C. aculeata type (Booth et 
al. 2008). Species more common or restricted to the Everglades included Pseudonebela 
africana, Cryptodifflugia crenulata, Cryptodifflugia sacculus, Centropyxis type A, 
Paraquadrulla spp. type, Difflugia rubescens type, Difflugia pristis type, Arcella dentata 
type, and Centropyxis aculeata type. 
Discussion 
 
Community composition of testate amoebae in the Florida Everglades 
 
Diverse communities of testate amoebae were observed in surface samples within 
the Florida Everglades, and the structure of these communities were quite different from 
those of more northern peatlands (Figure 5).  Most of the common genre encountered in 
northern peatlands, such as Nebela, Assulina, Hyalosphenia, Amphitrema, and Heleopera 
were absent from the Everglades.  However, with the exception of Pseudonebela africana 
(discussed below), and perhaps Cryptodifflugia crenulata and Cryptodifflugia sacculus, taxa 
common in the Everglades are generally well known and widely distributed in the northern 
hemisphere in both lake and wetland settings (Leidy 1879).  
Centropyxis aculeata type, and the various other related morphotypes identified in 
this study, dominated Everglades communities. This group is widely distributed in 
wetlands, rivers, and lakes.  Although C. aculeata type is found in northern peatlands, it 
rarely reaches high abundances. The taxon appears to be abundant in minerotrophic 
settings, standing water (Alves et al. 2007), and at least one study has noted that it may 
have a mild tolerance for salinity  (Shennan et al. 1999); interestingly, concentrations of 
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chlorine were slightly elevated in the water samples collected in this study. However, since 
the group probably represents several species, environmental controls may be diverse. In a 
study of testate amoebae inhabiting Florida lakes, C. aculeata was rare and a spineless 
form of C. discoides was often dominant (Escobar et al. 2008), so the taxon seems to be 
more abundant in the Everglades than other habitats in the region.   
  However, although most taxa encountered in the Everglades are relatively common 
and widely dispersed, the occurrence of at least one species, Pseudonebela africana, has 
not previously been encountered in North America. The discovery of this species in the 
Everglades may contribute to the ongoing debate on whether most free-living protists are 
ubiquitous (i.e., cosmopolitan) or whether limited geographical distributions are more 
common. Testate amoebae present evidence for both views (Mitchell et al. 2008), although 
several recent examples of restricted distributions appear particularly compelling (Heger et 
al. 2011). Until recently, P. africana was believed to be restricted to the continent of Africa 
and has been used as an example of a microbe with a restricted distribution, perhaps due 
to dispersal limitation (Foissner 2006, Smith et al. 2008). However, the recent discovery of 
this species living in small ponds in Brazil, South America (Lahr and Gomes e Souza 2011) 
along with its occurrence in the Florida Everglades suggests that its range is much larger 
than previously thought. It is unclear how long the species has been in Florida, but 
molecular data and paleoecological records could potentially be used to better understand 
its biogeographic and evolutionary history.  
 
Environmental controls on community composition in the Florida Everglades 
 
Although communities of testate amoebae in the Florida Everglades are quite 
different from those in northern peatlands, where strong relationships between hydrology 
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and species distribution occur, communities in the Everglades appear to be surprisingly 
sensitive to hydrology. Most studies of wetland testate amoebae in minerotrophic systems 
have shown the importance of pH, salinity, substrate, nutrients, and vegetation as controls 
on testate amoeba communities (Booth 2001, Charman et al. 2002, Payne 2011). 
However, although vegetation and water-table depth were related to testate amoeba 
community composition, pH and other aspects of water chemistry were of secondary or no 
importance. However, due to the extended time before samples were analyzed, major ion 
results should be interpreted cautiously. Differences in pH among the sampling sites could 
be tied to differential mixing between acidic precipitation and neutral carbonate rich 
groundwater related to peat thickness, which could potentially reinforce community 
relationships to water-table depth.  
Vegetation types were also generally associated with water-table depth and testate 
amoeba communities.  Although the direct effects of vegetation on testate amoeba 
communities are unclear, testate amoebae provide more information on hydrology than 
what could be inferred by vegetation type alone (Figure 3).  This is particularly true for the 
sawgrass ridges, which occupied a large range of inferred water-table depths, yet 
contained a clear gradient of testate amoeba change associated with water-table depth 
(Figure 6). Overall, most taxa were widely distributed across vegetation types (Figure 6).  
 Although standardization of water-table depths to account for the approximately 
0.3 meters of surface water elevation change that occurred between the two sampling 
periods was necessary, all methods of standardization produced estimates that were 
significantly related to testate amoeba communities.  Although it was surprising that 
uncorrected water-table depths still showed a significant relationship with testate amoeba 
communities, this was likely because wetter habitats were generally sampled during the  
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wetter period (January) and the driest samples during the drier period (April). The strongest 
relationships were with WTD3 and WTD4, where two scenarios were employed to explain 
slower water-table response on tree islands, where the water table was below the ground 
surface.  Future work in the Everglades can be connected to this study by correcting 
measured water-table depths to the three-year average from the gauging stations; 
however, revising these standardization approaches should be based on further 
investigation on relationships between the magnitude of belowground and aboveground 
water-level fluctuations. 
 
Transfer function validation and application  
 
Validation of transfer functions suggested that testate amoebae could be a valuable 
tool for estimating water table depth in paleohydrological and biomonitoring contexts 
(RMSEP = 6.27 cm, r2 = 0.74, Max-bias = 5.1). Performance statistics (RMSEP, r2, Max-
Bias) of all models were similar with those from northern latitude bog studies. However, the 
model performs best on the dry side of the gradient, suggesting that at sites that are 
constantly submerged testate amoebae are less sensitive to changes in hydrology. There 
may also be higher bioturbation (i.e. ~1 million alligators) and airboat disturbance in open 
water areas.  
The clustered sampling design of this study may produce overly optimistic 
performance statistics because of spatial autocorrelation (Payne et al. 2011). Samples 
collected a few meters apart in the Everglades are likely similar in microbial community 
compared to distant sites, and my sampling was clustered within two areas of the 
Everglades (Figure 1).  However, given that the environmental gradients captured in the two 
sampling areas did not considerably overlap, testing the effect of this clustered sampling 
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though an approach like leave-one-site out is problematic.  Also, given that the Everglades 
is effectively one large system that occupies the entire region, sampling other similar 
wetland systems located elsewhere is not possible.  
Based on a qualitative assessment of testate amoeba preservation in two cores, 
one of the biggest challenges to applying testate amoebae to paleohydrological studies in 
the Everglades may be selecting sites with good test preservation.  Although firm 
recommendations are not possible based on these qualitative assessments, drier sites may 
lack good preservation below the uppermost, recent peat. However, the qualitative analysis 
of sawgrass ridge peat suggests the potential for adequate test preservation. Chmura et al. 
(2008) did find abundant testate amoebae in down core tree island samples. However, the 
modern relationships found in this study may be useful for biomonitoring applications, and 
could potentially aid in assessing the success of restoration activities.   
 
Relevance for Everglades restoration 
 
The Florida Everglades are highly managed wetland ecosystems that are currently 
being restored to more natural flow regime. CERP is a >$20 billion environmental 
restoration effort that is under way and will profoundly affect the Everglades (Willard and 
Bernhardt 2011). The plan will unfold over the next 30 years and strives to follow adaptive 
management techniques and incorporate new scientific developments. Proposed projects 
range from reconstructing water control structures to enhance sheetflow, constructing 
groundwater injection wells, and improving water quality with treatment facilities, among 
others. Ogram et al. (2011) states most restoration projects are associated with processes 
either controlled by or impacting microbial activities. The plan is largely based on removing 
existing water control structures based on the assumption that somewhat more “natural” 
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water flow will result in a restored ecosystem. Removing all man-made alterations is not 
possible or desirable for the large population that relies on the original managements goals 
of groundwater recharge and flood control. The outcome of this effort should inform similar 
global projects. 
Through a combination of rising sea level and changing precipitation patterns, water 
levels in the Everglades have changed since induction (Davis and Ogden 1994). Slowing 
relative sea level rise in the mid-Holocene is credited for allowing significant freshwater peat 
accumulation within the Everglades (Willard and Bernhardt 2011). Droughts in the late 
Holocene are thought to be largely responsible for initiating the modern distribution of tree 
islands (Bernhardt 2011). The magnitude of water drawdown within the Everglades during 
these droughts is currently unknown. Over the last two thousand years palynology studies 
suggest relatively stable high water levels with sustained long hydroperiod prior to 
disturbance except for a period from 1200 AD to 800 AD when drier conditions and a 
shorter hydroperiod occured  
Despite the large volume of work aimed at understanding the hydrology and 
ecology of the Florida Everglades, significant questions remain. There are numerous well-
documented ecosystem disruptions associated with the extensive past draining, diking and 
overall adulteration of natural water flow; justifying the need for CERP (Rudnick et al. 2005). 
However, knowledge of past hydrology and hydrological responses of the system to past 
climate variability would provide a sense of the natural variability of the system and how it 
has responded to climate variability.  In addition, the recent peat record may contain 
important information on the hydrological and ecological impacts of human activities during 
the past century in places where historical data are lacking.  Understanding how the 
system behaved prior to human disturbance, and the effect of these disturbances, needs 
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to be considered in restoration and management plans.  Testate amoebae are a potentially 
useful tool in this context, and may be particularly powerful when coupled with other 
paleoecological approaches (e.g., diatoms, pollen). 
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